According to resonant vibration fatigue tests, near-eutectic and Pb-rich hypoeutectic Pb-Sn specimens have higher crack-propagation resistance. The tensile flow stress of Pb-Sn solders that are near eutectic composition increases with decreasing Pb content. The solders were tested after either stabilizing at 373 K or natural aging for 20 days, which gave similar results. The naturally aged specimens show that the crack-propagation resistance increases with increasing aging time. A striated deformation was found to occur in Sn grain of the lower Pb specimen. This phenomenon is correlated with a deterioration of crack-propagation resistance.
I. INTRODUCTION
Pb-Sn solders have been widely used in electronic components. When these components are assembled in vehicles, fracture of soldering joints occurs from the vibration of the machines. When the vibration frequency is at the resonant state a specific natural frequency of the specimen, 1,2 the rate of failure, will rise rapidly due to large deformations that accelerate crack growth. The fatigue fracture features of Pb-Sn alloy are related to intergranular fracture with the slip band occuring in the Pb-rich phase under larger inverse strain 3 -6 but the current understanding of the vibration fatigue fracture under a higher frequency state is very limited. Thus the fracture behavior of the Pb-Sn alloys under high-frequency vibration state (about 10 2 Hz) was examined. Because Pb-Sn solder usually exhibits a significant decrease in flow stress with natural aging, 7 tensile properties were also examined by the deformation at a constant strain rate with and without aging. The decrease in flow stress can be correlated with precipitation of the oversaturated Sn solute atoms in the Pb-rich phase during the rapid solidification process. In order to establish a basic understanding, this study examined three Pb-Sn solder compositions with tensile and vibration tests in bulk specimens to examine the effect of Pb content on vibration fracture characteristics. The experimental data of the present study will be compared with those data on other lead-free solders in the literature.
II. EXPERIMENTIAL PROCEDURES
To obtain an as-solidified microstructure similar to solder joints, Pb-Sn melts were poured into a 4.2-mmthick Y-shaped heated graphite mold [ Fig. 1(a) ]. Table I lists the composition of Pb-Sn melts and pouring condition. Three selected materials were named 7030, 6040, and 5050. The first two digits are the weight percentage of Sn and the last two digits are the weight percentage of Pb. The samples were machined to form the resonant test specimens 8 as shown in Fig. 1 (b). Specimens were polished by 0.04-m SiO 2 prior to the vibration test. Most specimens (including 7030, 5050, and a part of 6040 samples) were stabilized at 373 K for 1 h. Some of the as-solidified 6040 samples were aged 1-20 days at room temperature (about 298 K) without prestabilizing treatment. The aging clock starts after these specimens were cast.
The setup for the vibration tests is shown in Fig. 1(c) . Each test specimen was clamped on the vibration shaker. The other end was equipped with a deflection sensor in order to measure the deflection amplitude of the specimen. The vibration frequency was initially adjusted to obtain the maximum deflection amplitude corresponding to the resonant frequency. Figure 2 shows the shifts of resonant frequency of the specimens with different Pb content. According to our previous experiments, the extent of deflection amplitude and deformation strain near the notch area would depend on the vibration frequency and push force. Therefore, the vibration frequency and push force could be selected to maintain an initial deflection amplitude of 2.4 mm using the conditions indicated in Table II. The deformation and crack-propagation features on the surface of the specimen and the fracture features after the vibration test were observed with scanning electron microscopy (SEM). The projected crack length, total main crack length, and the crack path tortuosity were examined by quantitative comparison. The crack path was characterized as shown in Fig. 3 . The projected crack length (L p ) was defined as the length of the projection from the main crack between both notches of the sample. The main crack length (L m ) is the true length of the main crack. The extent of crack tortuosity is the ratio of the main crack length to the projected crack length. Figure 4 shows the microstructure features of stabilized Pb-Sn solder with different Pb content and Table III . The tensile deformation resistance increases with decreasing Pb content. Furthermore, the effect of Pb content on the elastic region was examined. The corresponding linear stress-strain curves are also shown in the inset of Fig. 5 . The slope increases with decreasing Pb content. On the other hand, the ductility of specimen whose composition nears eutectic 6040 is the highest among the three samples. Figure 6 shows the effect of natural aging on tensile deformation resistance in the 6040 alloy. The flow stress decreased continuously from the first aging day but it saturated at about 20 days. Both specimens with 373 K stabilization and 20 days natural aging were similar. On the other hand, the elongation tends to increase with increasing natural aging time. decrease continuously. During the decreasing period of deflection amplitude the rate of decrease in amplitude for 7030 is faster than 5050 and 6040.
III. EXPERIMENTAL RESULTS

A. Effect of Pb content on microstructure and tensile properties
The effect of natural aging on D-N curves on the 6040 alloy is shown in Fig. 8 using the same initial deflection amplitude test conditions. The number of cycles to failure tends to increase with increasing aging time up to 10 days, after which lifetime is close to stabilized specimens. (The vibration test data of the stabilized 6040 specimen in Figs. 7 and 8 is the same.) The information in Figs. 4 and 6 indicates that changes in lifetime are correlated with the microstructural change due to aging.
Figures 9 and 10 illustrate the macro-observation of the specimens' surface after the vibration test. Both of the stabilized 5050 and 6040 specimens show similar features and there is a marked deformation-affected zone in the vicinity of the main crack (the white areas in Fig. 9 ). With increasing Sn content (7030 specimen), the deformation-affected zone surrounding the crack is larger (as indicated by the arrow). This deformationaffected zone in the vicinity of the main crack was also found to increase with increasing aging times (Fig. 10) . Figure 11 shows the vibration fracture features of 6040 in SEM. Branching of cracks along the main crack and a wide area of the deformation-affected zone around the main crack was observed [ Fig. 11(a) ]. The cracks are preferentially found along Sn-Sn grain boundaries and Sn-Pb interphase boundaries and severe deformation of the Pb-rich phase was observed in some locations as indicated by the arrows [Fig. 11(b) ]. Surface observations show that the vibration fracture behavior of 5050 and 6040 is similar. The fracture behavior for 5050 and 6040 can be described as that the main crack would propagate immediately after the occurrence of the deformation-affected zone. Figure 12 illustrates the major difference of 7030 as compared with Fig. 11 (6040) . The deformationaffected zone is very small [ Fig. 12(a) ]. Many striated deformed grains occur [as indicated by the arrow in Fig. 12(b) ] prior to intergranular cracking. Through energy dispersive spectroscopy analysis, the striated grains are the coarse Sn-rich phase. Observations at the tip of the main crack shown in Fig. 12(c) confirmed that the striated deformation of Sn-rich phase led the main crack propagation. 
C. The quantitative analysis of vibration crack growth
Vibration cracks were observed on the surface for all specimens investigated as shown in Fig. 13 . Examination of the projected crack length with vibration cycles of stabilized (373 K for 1 h) specimens, as shown in Fig. 13(a) , suggests that there is a similarity between the 6040 and 5050 specimens. Only the 7030 specimen shows a significant difference in projected crack length. The above result suggests that the increases in Pb content could raise the crack-propagation resistance. Figure 13(b) shows that the crack-growth rate of 6040 specimens tends to decrease with increasing natural aging time, i.e., the longer the aging time for rapid solidified solder the better the crack propagation resistance. There is little difference between the specimen with natural aging for 20 days and stabilized at 373 K for 1 h. These results are consistent with the D-N curve in Figs. 7 and 8 .
From the observation of crack propagation, the effect of Pb content and aging condition is influential on crack path tortuosity, which is another quantitative value for evaluating the crack-propagation resistance, as shown in Table IV . The increase of crack tortuosity value is correlated with an improvement in vibration fracture resistance. Figure 5 shows that the tensile flow stress increases with decreasing Pb content due to the body-centeredtetragonal structure of the Sn-rich phase that possessed higher deformation resistance than the Pb-rich phase. The near-eutectic 6040 sample possessed finer and more uniform microstructure compared to the hypereutectic 7030 sample. On the other hand, the effect of aging time on strength and elongation as shown in Fig. 6 can be considered that there are more Sn atoms retained in the Pb-rich phase during rapid solidification. These oversaturated Sn atoms would leave at room temperature with increasing aging time until approaching the equilibrium state. The variation of Sn atoms in the Pb-rich phase with natural aging time was measured in our previous study. 9 The resonant frequency of Pb-Sn eutectic solder exhibited a shift with changing Pb content (Fig. 2) . According to McGuire et al.
IV. DISCUSSION
1,2 the resonant frequency can be related with the following parameters:
F n is resonant frequency, E ef is the effective elastic modulus, and is density. From the slope of the tensile test in the elastic deformation region obtained from tensile stress-strain curves (Fig. 5) , increasing the Pb content decreases the apparent elastic modules, in agreement with Manko. 10 Thus, the variation in resonant frequency could be caused either by a change in elastic modules or by the density difference, or both, since the resonant frequency of Pb-Sn solder increases with increasing elastic modulus and/or decreasing density. The deflection amplitude changes with increasing cycles and it could reflect the crack-growth process. As shown in Fig. 7 , the deflection amplitude tends to increase from the initial stage. This phenomenon is more obvious in 6040 samples. The experimental observation shows that the main crack length in this stage is very small. According to our previous studies 8,9,11 the work hardening effect, an improving factor to raise the deflection amplitude, will be induced by cyclic reversing stress and thus make the deflection amplitude rise at the early vibration stage. Then, due to the work hardening effect and main crack propagation, the D-N curve would stay as a plateau region. The main crack propagation, an adverse factor to keep the deflection amplitude, makes the effective cross section of specimen decrease and leads to the deflection amplitude dropping. The saturation point of due to the occurrence of striated deformation. This makes the specimen deteriorate faster and the D-N curve drop more quickly. On the other hand, specimens with slower crack propagation show more microcracking and larger deformation-affected zones adjacent to the main crack. The deformation-affected zone becomes larger with increasing Pb content and natural aging time, which is correlated with higher crack tortuosity values in Table  IV . The value of crack tortuosity is an important factor on the crack-growth rate, 12-14 so the stabilized 5050 and 6040 specimens and the natural aging for 20 days of 6040 specimens possess higher vibration lifetime, due to their larger deformation-affected zone and higher crack tortuosity.
The 7030 sample shows that a striated deformation was found to occur in the primary Sn-rich phase during vibration test. Possible reasons for this phenomenon include the difference of deformation behavior between the Pb-rich phase and Sn-rich phase. Because the striationtype deformation feature is closely related to the Sn-rich phase, when the volume fraction of Sn-rich phase of Pb-Sn solder exceeds a critical level the feature can be observed. Figure 14(a) shows that pure Sn under an identical test condition will deform with striation. Based on SEM evidence, the main crack is favored to propagate along these striated deformation regions [ Fig. 12(c)] , so striation will promote the crack propagation [ Fig. 13 (a) ]. Figure 13 (b) also shows a Pb-5wt%Sn sample for comparison after the vibration test. The striation-type deformation was not observed. Thus, the striation-type deformation can be confirmed as a common phenomenon in the Sn-rich phase under high-frequency vibration, and it implies that a critical volume fraction of Sn-rich phase must exist for the occurrence of the striated deformation, but further investigation is needed to examine what induced striated flow.
V. CONCLUSIONS
As a function of Pb content and heat-treatment conditions in Pb-Sn solder alloy we can conclude as follows:
(1) The tensile flow stress and the slope of elastic deformation of Pb-Sn solder increase with increasing Sn content and the resonant frequency shifts could be correlated with the elastic modulus and density.
(2) Under the same initial deflection amplitude the crack-propagation resistance increases with increasing Pb content. The crack-propagation resistance of natural aging 6040 specimens tends to increase with increasing aging days and to saturate after about 10 days. There is a similarity in vibration fracture behavior between long-time natural aging and stabilized samples.
(3) Values of crack path tortuosity were in good agreement with crack-propagation-resistance data obtained on projected crack length and the significant difference in crack-propagation resistance is apparent, which is attributed to the difference in Pb content and aging conditions.
(4) A striated deformation feature occurs in the primary Sn-rich phase in 7030 during the vibration test. The feature was compared with different samples and it was confirmed that it is a common phenomenon in Pb-Sn solder alloys when Sn content is higher than a critical level. A significant deterioration in vibration fracture resistance could be caused when the striated deformation occurs.
